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EXECUTIVE SUMMARY

This report is a contribution to an ongoing study of explosive
incidents (blows) which occur during press loading of the M42/Md6
grenade. High explosive (HE) Composition A-5 is pressed into a
steel tody (either M42 or MHD) of the grenade in two operations:
pre- and final -consolidation. The la‘ter is nearly always where
blows occur. Several causal physical mechanisms for blows have been
hypotnesized. One of these mechanisms involves brittle fracture of
the grenade body. If a crack opens and propagates, the rapid release
of elastic strain energy at the interfacz of the body wall and HE fill
appears to be capable of igniting the HE. The physical states of the
grenade vody and of the HE during the compaction phase of final con-
solication are critical to thi. mecnanism. Quantification of these
states helps to verify the feasibility of the brittle-fracture mech-
anism and to suggest means of minimizing the portion of tne blow rate
contributed by this mechanism. This report describes a continuous
simulation of several, related physical processes which occur during
the final consolidation of the HE in the MU2/MiUb6 grenade. Typical
simulation results are presented in grapnical form, with pertinent
variaoles displayved as functions of both pvnch displacement and time.
Tne sensitivity of these results to certain parameters is shown. Ffor
example, punch travel and work done by the punch are shown to be
sensitive to tne initial, preconsolidated system state. Alsoc the max
noop stress and noop strain energy a.'e sensitive to peak punch pres-
sure. Where possible, comparisons are made between experimental data
and results of the simulation. These comparigoas demonstrate the
validity of tne simulation within tne limits imposed by its scope.
For the interested analyst, the implementing computer program is
listed and explained.
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SUBJECT: Simulation of the State of the M42/MU6 Grenade During
Press Loading

1. Foreword

Order of topics in this report represents increasing detail. Back-
ground information is presented first te set a context and to motivate
the work presented here. The goals of the subject simulation are
glven next, followed by the scope of- and assumptions for -the sim-~
ulation. Simulation results are given in tables and graphs, followed
by comments about these results. Sections on validation and method-
ology complete the body of the report. A sowrce program listing of
the simulation is given in Annex A. Annex B cortains a memorandum
concerning a model of the bulk density of Comp A-5. The following
references are cited thruout the report.

2. References

——— - > " -

a. MFR, AMSMC-RDA-S, 22 Oct 85, subject: Evidence for a Steel-
Supplier Effect on the Rate of Press Blows in M42 and XM77
Grenades.

b. Technical Report ARLCD-TR-79002, Collett, R.W. and England J.T.,
ARRADCOM, LCWSL, Dover, NJ, Jun 79, titles Press Loading
Tneident Investigation of MU2/MU6 Grenade Bodies.

c. MFR, AMSMC-RDA-S, 9 Aug 85, subject: Some Observations About
the Explosive Sensitivity of Ccmp A-5.
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MFR, AMSMC-RDA-S, 28 Aug 85 (Revised 2k Sep 85), subject:

s

K- Predicted Bulk Densities of Comp A-5 and Comp A-4 as Functions
TN of Peak Consolidation Pressure. (Given in Annex B.)

\V “' "
‘2\_} e. Technical Report #371, 23 Aug 85, Day & Zimmerman Kansas Div.,
.p{f; ' subject:; Investigation of Effects of Charge Density on Penetra-
-_;ii‘ tion in M42/M46 Grenades.

Sk

,Ejij f. MFR, DRSMC-SAS (R), U4 Nov 83, subject: Particle-Size Distribu-
R X tion of Nominal Class 1 RDX Before Incorporation and After Ex-
0 traction From Extrusions of Comp C-4.

A

fo; g. Reference Book, Kaye, S.M., US ARDC, Dover, NJ, c. 1980,

. title: Encyclopedia of Explosives and Related Items, Vol 9.

Text Book, Timcsnenko and Goodiar, McGraw-Hill, NY, c. 1951,
title: Theory of Elasticity.

MFR, AMSMC-RDA-S, 23 Aug 85, subject: Time Series Analysis of
the Peak Consolidation Load for Pressing of HE into MU2/MU6
Grenades.
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3. Baciground

Previous studies of explosive incidents during press loading of
Mu2/MU6 grenades posited various physical mechanisms for initiating

an explosion. Ref 2a presents argumentis supporting the mechanism

of brittie fracture of the grenade body. The scenario for an ex-
plosion with this mechanism is as follows: During final consolida-
tion of tne HE {Comp A-5), a latent crack suddenly opens and propaga-
tes. A rapid release of elastic strain energy in tne grenade body

is deposited at the surface of the HE in proximity to the crack. This
energy release over a small area is regac~ded as sufficient to initiate
an explosion of the HE *. If this mechanism is responsible for some of
the incidents, one would expect to see the observed variation in blow
rate between bodies by different body producers, since variation in
metal parts quality oetween producers is quite evident. Ref 2b also
presents evidence for a steel-supplier effect, which, again, is germane
to the mecnanism of brittle fracture. A similar phenomenon, occurring
in the powder nest, is one of the mechanisms hypothesized in Ref 2b.
The very limited set of experiments reported in Ref 2b failed to
demonstrate a blow with either a cracked body or a cracked nest. How-
ever, these negative results are not persuasive, because only rare

and special conditions--very rapid energy deposit in a small area--
must exist in order to provoke a blow. Based on simulated results,
brittle fracture must still be considered a credible mechanism.

Y4, Considering tnis mechanism, several actions to reduce the frequency
of press blows are appropriate: (a) Improve the specified quality,
including fracture tougnness, of steel used in making grenade bodies.
This action is suggested in Ref 2a. (b) Improve quality of grenade
bodies from the "marginal" body prcducers. Actions started by AMCCOM
Quality Assurance in 1985 address tnis issue. (c) Use a less sensitive
HE f£ill, such as Comp A-4, This idea is still on the back burner.

{d) Load at a lower peax consolidation pressure. This suggestion is
made in Ref 2¢, and justified by data which snow reduced explosive
sensitivity when grain breakage is minimized. Altho easy to imple-
ment, the last suggestion nas met resistance on the grounds that

eff ectiveness (penetration & lethal area) would suffer. Nevertheless,
some tradeoff here seems possible to reduce blow rates.

5. Because of the importance of the state of stress of the grenade
pody to the brittle fracture mechanism, some effort was made to

take experimental measurements (for example, Ref 2b). And, because

of the importance of HE density to grenade performance, various data
nave veen gathered relating HE density to peak consolidaticn load

(or pressure), under botn quasi-static (very slow rate of loaaing) and
transient conditions (wnich occur in load plants). Some of these
experimental results are comparea with simple mathematical models in
Ref 2d. Ref <Ze presents additional results for the transient loading
condition, in a study designed to relate average HE density to grenade
penetraticn performance. Notwitnstanding tnese experiments to under-
stand the processes occurring during press loading, to my knowledge no
unified mathematical model nas bheen developed to simulate the physical
processes which interact during final consolidation. This memorandum
presents such a model. Tho the simulation is not very sophisticated,
model output is in good agreement with pertinent experimental data.

® Ref 2g indicates that tne thresnold value of energy per unit area
for shoeck ignition of RDX is about 10 cal/sq cm, a value wnich
may oe achieved by release of elastic strain energy in the body.




6. Goals of the Simulation

The primary goal of the simulation is to achieve better wnderstanding
of the relationship of several physical parameters pertinent to load-
ing of the MU2/MU6 grenade. Understandings of this sort ultimately
guide design of experiments and help to quantify improvement in rate
of press blows, expected to accompany loading at lower peak pressure.
A partial 1list of questions addressed by the simulation may clarify
my intentions:

(a) How does the HE respond to punch displacement during consolid-
ation? For example, how does punch load vary with punch
displacement and with time? (In this case, time is simply
a convenient variable for use in comparison with experimental
results. Since punch acceleration is quite low, inertial forces
are not important. The phen-mena are mostly kinematic rather
than dynamic.)

(b) How does the work done by the punch vary as a function of punch
displacement and as a function of time?

(c) What portion of the punch work is invested in elastic, i.e.,
recoverable, energy components? This question has a bearing on
volume change in the HE following punch withdrawl. Also, these
elastic strain-energy components would become sources of energy
for initiating an explosion of the HE, if a metal failure
occurred during compression.

(d) Are physically significant temperature gradients developed
within the RDX particles during consolidation?

{(e) Do any of the variables of interest display a large sensitivity
to the initial conditions for final consolidation, i.e., does
variation in preconsolidation affect final results?

(f) How well does the model match the experimental 1load-versus-
time data?

It is beyond the scope of this model to address issues such as:

(a) Specifically, what happens if a brittle fracture o a grenade
body occurs during consolidation?

{(b) What stress concentrations occur in various regions of the body?

(¢) Where dces RDX grain fracture occur during lcading, and what is
its extent?

(d) What is the nature of the flow in the HE during consolidation?

T. Scope and Assumptions

- - -

In terms of fidelity to gecmetric details of the grenade body, ‘.he
model is quite crude. For the purpose of calculating hoop stress and

T TR
Y"Ml ',Y
’

¢
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g;. hoop strain in fthe body, the grenade is modeled as a regular cylin~
ﬁﬂxj drical sleeve, supported on one end by a smooth, uayielding surface.
B Jes The HE configuration is assumed to have c¢cylindrical symmetry
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within the cavity. The simulation mndel is descriptive; it uses
semiempirical results where appropriate, and does not insist on
starting from first principles. 1In spite of evidence of RDX grain
fracture, cited in Refs 2¢ and 2f, the model ignores this phenomenon.
Further, because of its simple geometry, no attempt is made to
describe the actual flow of the HE with respect to the punch and

body cavity in an actual MU2/MU6 grenade. However, the effects of

a pressure gradient within the HE are considered. Most of the
mechanical and thermal material characteristics were obtained from
standard references such as Ref 2¢g. The compaction model (avg HE
density versus peak pressure) uses the functional form described in
Annex B. This model asaumes a conatant pressure gradient within the
HE. The pressure decreases linearly from a maximum value of pmax,

at the punch face, to a minimum value of a constant, g, times pmax.
The value of g used here (0.6) is obtained from data in Ref 2e. The
assumed congtant pressure gradient within the HE is also used in
deriving an expression for the RDX elastic strain energy. Hoop stress
in the simulated grenade body 1s calculated using the Lame equation for

thick-wezlled cylinders (Ref 2h). A formula for body strain energy
is derived from the last equation, which assumes elastic behavior.

8. Results of the Simulation

The loading simulation 1is implemented by a computer program COMPACT.
A source listing of this program, in Simscript 2.5, is located in
Annex A. The logic of this program i1s sketched below (p. 19, Method-
ology). A portion of the output from COMPACT is shown in Table 1.
After echoing the input parameters, the state variables, which
characterize the HE and the grenade body, are printed as functions
of the displacement of the punch. The initial, average density of
the HE is chosen by the program user. This value suffices to init-
ialize the simulation for the final consolidation cyecle. Punch dis-
placement and cycle time are taken as zero at this point. Time is
calculated from punch displacement, since these are kinematically
related by the punch cam shape and operational speed of the press.
Program variables are plotted as funciions of punch travel and time.
These are shown in Figures 1 thru 19, on pages 7 thru 16. Results
are discussed in paragraph 10, page 17.

9. Parametric Analyses

Two simulated body dimensions were treated as parameters for sensit-
ivity analysis: (a) the thickness of the wall of the sleeve, rep-
resenting the grenade body, and (b) the effective length of the

sleeve which is exposed to internal pressure. The last parameter

is determined by shape of the punch and by the 1-D nature of body
stress calculations. Three values of wall thickness -- 0.110 iach,
0.1715 inch, and 0.120 inch -- are used at a effective body length of
1.4 inch. And, two values of the body length -~ 1.0 inch and 1.4 inch
~--are used with a nominal wall thickness of 0.115 inch. Results are
shown in Tables 2 and 3. 1In each case the lnitial punch pressure is
5.1 kpsi and the final pressure is 25 kpsi (to termlnate the comression
phase). The initial pressure corresponds to an average HE density of
1.44 g/cc. Since the final state is prescribed, certain variables,
such as punch work and loading time, are not very sensitive to the
parameters. However, variables such as hoop strain energy, are.
Sensitivity to the initial state of compression is shown in Table 4.
Sensitivity to the final state of compression is shown in Table 5.
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TABLE 1.
INTERNAL DIAMETER __ 3.2004 CM
OUTSIDE DIAMETER ___ 3.8100 CM
EFFECTIVE HEIGHT ___ 3.5%60 CM
PUNCH TRAVEL LIMIT ___ 0.4157 CM

SAMPLE OUTPUT FROM THE COMPUTER PROGRAM:

1.2600
1.5000
1.4000
0.1637

1T

PROPERTIES OF RDX , USED IN THE EXPLOSIVE FILL:

Sk TRTM T T e R AR T T TR R R

COMPACT

DIMENSIONS OF CYLINDRICAL SLEEVE SIMULATING THE GRENADE BODY

TNCH
IncCH
IMNCH
INCH

DIAMETER OF RDX PARTICLE

RADIAL GRID ELEMENT OF RDX
SPECIFIC SURFACE OF RDX
THEORETICAL MAX DENSITY OF RDX _
SPECIFIC HEAT OF RDX

THERMAL CONDUCTIVITY OF RDX

MICRON
MICRON

G/CC
0.300
+7.00000E-04

SQ CM/G

CAL/G/DEG K

CAL/CM/S/DEG K

SPECIFIC HEAT OF HE

THERMAL CONDUCTIVITY OF HE
THERMAL DIFFUSIVITY OF HE
RADIAL GRID ELEMENT OF STEEL

TMD OF STEEL

SPECIFIC HEAT OF STEEL

THERMAL CONDUCTIVITY OF STEEL _
THERMAL DIFFUSIVITY OF STEEL

!

+3.01485E-01
+6.95200E-04
+1.28882E-03
+7.62000E-02
+7.87T000E+00
+1.25000E-01
+1.05000E-01
+1.67720E-01

THERYAL DIFFUSIVITY OF RDX ___  +1.28205E-03 SQ CM/S
Y UNG'S CONSTANT FOR RDX +1.80000E+10 PASCAL
POISSON'S RATIO FOR RDX +2.20000E-01

BULK MODULUS FOR RDX +1.07143E+10 PASCAL
MASS FRACTION OF RDX IN HE 0.985

THERMAL PROPERTIES OF GRENADE MATERIALS:

RADIAL GRID ELEMENT OF HE +8.00100E-02 CM

TvD OF HE +1.78917E+00 G/CC

CAL/G/DEG K
CAL/CM/S/DEG K
S5Q CM/S

CM

G/CC
CAL/G/DEG K
CAL/CM/S/DEG K
5Q CM/S

INITIAL CONDITIONS AT START OF FINAL CONSOLIDATION:

RO

S
RS

NN \‘wx&": .

HE DENSITY 1.44000 G/CC

PRESSURE ON HE 5.1046 KPSI 35.195 MPA

HEIGHT OF HE COLUMN __ 2.58468 M

MAX BODY HOOP STRESS ~_  29.474 KPSI 203.21 MPA

1I00P STRAIN IN BODY +9 . 82452E-04

HOOP STRAIN ENERGY 1.179>  JOULE 0.2819 CAL

RDX ELASTIC ENERGY ~ 0.4880 JOULE 0.116b CAL

CUM WORK BY PUNCH 1.667% JOULE 0.3985 CAL

SIMULATED CONDITIONS DURING HE CONSOLIDATION

PUNCH HE HE MAX HOOP H STRN PUNCH THERM TEMP CYCLE

DISPL  DENS PRESS STRESS STRAIN ENERGY WORK WORK RISE TIME

(cM)  (G/CC)  (KPSI) (KPSI) (Mu/U) (CAL) (CAL)  (cAL) (D K) (MS)

0.0010 1.4406 5.115 29.53 934.5 0.28%  0.467 0.067 0.007 2. 75
5
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TABLE 2. SENSITIVITY OF SIMULATION OUTPUT TO BODY WALL THICKNESS

Body Wall Thickness (inch)

Output - e et e e e
Variable 0.11C 0.115 0.120
Loading Time {ms) 266 268 269

Punch Travel {mm) 3.976 4,031 4,087

Punch Work (eal) 57.5 57.3 57.1

Max Hoop Stress (kpsi) 159.1 151.8 144.9

Hoop Strain Energy (cal) 7.765 T.724 6.815

TABLE 3. SENSITIVITY OF SIMULATION OUTPUT TO EFFECTIVE BODY LENGTH

Effective Length of Body (inch)

Output - - S— — ——
Variable 1.0 1.4

Loading Time (ms) 268 268

Punen Travel (mm) 4,031 4,031

Punch Work (cal) 57.3 57.3

Max Hoop Stress (kpsi) 151.8 151.8

Hoop Strain Energy (cal) 5.196 7.274

TABLE 4. SENSITIVITY OF STMULATION OUTPUT TO INITIAL SYSTEM STATE
Internal Diameter {cm) 3.226 Effective Length (cm) 3.556

Initial Punch Pressure/HE Density

Output —— -
Variable 4.75/1.42 (kpsi)/(g/ce) 5.10/1.44
Loading Time (ms) 281 268

Punch Travel (mm) 4,392 4.031

Punch Work  (cal) 59.6 57.3

Max Hoop Stress (kpsi) 151.8 151.8

Hoop Strain Energy (cal) 7.27 T.27
Remain Heat Energy (cal) 49.5 47.2

TABLE 5. SENSITIVITY OF SIMULATICN OUTPUT TO PEAK PUNCH PRESSJRE

Peak Punch Pressure

Output e Percent
Variable 25 (kpsi) 20 (kpsi) Decrease
Max HE Density (g/ce) 1.697 1.678 1.1 %
Final HE Density (g/cc) 1.676 1.661 0.9 %
Max Hoop Stress (kpsi)  144.8 115.8 20.0 %
Hoop Strain Energy (cal) 6.80 4,35 36.0 %
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a4 st
»

K et AT e . - N ER IR eI

L e T { i d

r] - ..- . Ll T » - - - - ~' - -
PR DR &"i\:;'\}\:}"— SRR ) : < Coe ‘.“_‘» o .




Ww‘ RV RO RPORTY RO AT RO RSN AT ALTTT WU ¥ T XY WO SO TN R O UVOT RO O WY, WU RYY R A RO TR RO R ST W I R RS
t

Page 15

4.00 6.00

TEMP RISE (DEG K)
2.30

1 1

.000 1.00 2.00 3.00 4.00 5.00
PUNCH DISPL (CM) Xi0-!

p.-000

Figure 17. Avg HE Temperature Rise as a Functicn of Punch Displacement

[am]
Q
it
[om]
PR = |
::_;—
[se]

18]

o

i
" 2
- O
4
[a\}
o

W

e

[un ]
O
D'
S'.000 100. 200. 300.

CYCLE TIME (MS)

Figure 18, Avg HE Temperature Rise as a Function of Cycle Time




Ea R tall Badriall Ll But il I A o i B U B L R A SLIL S R A N7 I @8 I Y AS B R A N SR IV o I AP A DY AT Ao PR A PR AN, WA RNV i a T A o R A S iV DRV iV SRR T BAT BT AR BAV N Tl St Wal_the Sat BV Ra? IR Fe8 1
Page 1¢
o
N
. -
<
=
S
e8]
N
o
™
o
= -
ac <
~
x
And ~
5
v ¥ m
! Qg
2 ©
- .' p) Y
N ™ -
b o a.
” q-‘ '-1 p
S ul
.. —
ES, T
5 " »
- o
[ ©
- *
%

“Y.000 20.0 40.0 60.0 80.0
RADIUS (MICRON)

Fiqure 19, Radial Profile of Temperature in an RDX Particle (at 3.28mm
Pynch Travel)

30.0

T is,
T
AP NS

Y e
3
.

o

'é&.;¢

20 e T Ky
A=t
PR e
SR
.

e s e T
[

‘::;:-;lk; R ¥
10.0

w

L3

CONSOL LORD (KLBF)

Kot g
t 1 4
LI

>
£
«

L} 1 1
.000 100. 200. 300.

.000

1\.'
o TINE (MS)
?h Figure 20, Experimental Consolidation Load Versus Cycle Time

2

R SE NN

. R ~ - AT
B L e T AT e N e I
: AR RIS - TR R
- « I . % N - AT - -

AR . - ISR
‘1\\ S R 3 ‘\,‘\ R AR VL

« . . Ca R NS
. AR AT AT,
wah - Py

.

~
SR AN AN LTS
YT . TN L, W . kM e




T ATP VST A R R S T R S TR LA P U UL SRR AL R SOV TURIE I T ROV R A WO R IR Y A R T T AN S LR OV AT
S~

10. Discussion of Results

For the most part the graphical results do not require comment. In
some cases, houwever, my observabions may help to clarify an issue

or Lo make an interpretation. The first Len rigures show important
variables as functions of punch displacement (or travel), whereas the
last ten are largely functions of cycle time. By "cycle Lime" is
meant time, measured from the start of the ompression phase of the
final consolidation cycle. Another semantic point: Maximum pres-
sure on the HE fill is identical to the punch pressure. These terms
are used interchangeably. In Figure 1 the average density of the HE
is shown plotted as a function ot punch displacement. Altho this
relationship appears linear, it is not quite. Departure {from linear-
ity is> due to progressive hoop strain in the body wall as the punch
advances. Figure 2 shows the punch pressure as a function of punch
travel. It is clear that the most rapid increase in pressure happens
during the final half of the forward displacement. This furctional
form indicates that the HE behaves compressionally as a very nonlinear
spring. Hoop strain energy and maximum hoop stress in the grenade
body are shown as functions of punch displacement in Figure 3. It is
noted that strain energy is a quadratic function of stress. Also,
observe that hoop stress builds rapidly near the end of forward travel
of the punch. For these reasons the hcop strain energy in the body is
strongly dependent upon punch travel during the last quarter of the
forward stroke. Therefore, cne expects that brittle fracture would
most probably occur in the last quarter of compressional punch travel.
Only in this last quarter does the body strain energy exceed about

two calories. Note that the max strain energy is nearly 8 calories.
Figure 4 is a cross-plot of avg HE density versus punch pressure. It
is apparent that at about 15 kpsi pressure, the rate of increase cf

HE density diminishes rapidly. Max body hoop stress 1s shown as a
function of punch pressure in Figure 5. Maximum hoop stress occurs

at tne inside surface of the body well. As predicted by this model,
max hoop stress is a linear function of punch pressure. Figure 6
shows the hoop strain energy in the grenade body as a function of
punch pressure. When plotted in this manner, hoop strain energy ex-
hibits a more uniform rate of increase than when plotted versus punch
displacement, as in Figure 3. In both Figures 7 and 3, hoop strain
energy, max hoop stress, and max HE pressure are compared functionally.
Whether the abscissa is punch travel (Fig 7) or avg HE density (Fig 8),
it is seen that strain energy shows the greatest relative variahion

of these variables. Hoop stress and punch pressure exhibit more
uniform growth. Figure 9 shows work done by the punch as a function
of punch displacement. Because of the greater stiffness of che HE
fill near the end of forward travel of the punzh, the rate of work
done by the punch increases progressively. This work is converted into
both elastic and inelastic energy 2omponents. The elastic components
are: (a) hoop strain energy in the grenade body, and (b) bulk-compres-
sion strain energy of RDX crystals in the HE. Punch work, available
heat; and hoop strain energy are shown as functions of punch travel

in Figure 10. The work performed by the punch is the total available
energy. This is divided among the components: (a) body hoop scrain
energy. (b) RDX strain energy, (c) thermal loss, and (d) available
thermal energy. Of these components, only the largest two are shown
here.
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predicted rise in HE temperature, when loading to 25.4 kpsi, is 5.2
deg K. This compares with a measured value of 3.9 deg K, when load-
ing to the same point (max load of 335 kibf) ¥, A max external hoop
stress is reported (Ref 2b) as 105.5 kpsi for a peak punch load of
26.5 klbf. Simulated external stresses were obtained for the . me
max compression (21.2 kpsi) for two values of body *¥ wall thickness.
For a 0.12-iach wall, the predicted peak, external hoop stress is about
102 kpsi; whereas, for a 0.11-inch wall, this value is about 107 kpsi.
Agreement between the simulated and measured values of these variables
is surprisingly close. With respect to the third variable used for
comparison, one snould rote that fuvnctions, not scalars, are being
compared. A single, arbitrary parameter in the simulation--max punch
speed--is selected to obtain a good match of theory and experiment.
This parameter adjusts the kinematics of the simulation to that of

the experiment; however, tnis parameter does not affect the shape

or the amplitude of the load function. Therefore, good agreement in
the simulated and measured load functions constitutes a challenging
test of the validity of the model. The experimental load-time curve,
shown in Figure 1 in Ref 2i, is matched by simuiated results well
within experimental error (+ or - 1.6 kibf) over the loading interval
of about 260 ms from start of cycle. The experimental ioad function
is chown for comparison in Figure 20, for just the compression phase
of the load cycle. No systematic difference is apparent between model
and measured functions.

13. Methodology

Bef'ore discussing math models for various phenomena, I wili outline
the procedure followed in simulating the loading process. The indep-
endent variable in the simulation is the displacement {(or travel) of
the punch. The kinematics of tli. process are obtained thru the func-
tional relationship between punch displacement, xp, and punch speed,
sp. Only the compression~-, or loading, -phase of the consolidation

* Temperature in this environment is very difficult to measure, BKef
2b states that two types of transducers were used--theromcounle and

,ﬁ nickel-foil gage. The nickel-foil gages were too fragile; three

S of four were damaged. Two measurements, at different locations

3 within the HE, were made with thermocouples. OUne measurement was

- made just above the tip of the punch, with the HE consolidated at

N at max load of 43 klbf. The reported temperature r_se in this case
! T is 18.9 deg K. This value seems much too nigh; and, in any case,

f: does not represent a volume-average temp rise. The other reported

hY

measurement was made belween the axis and wall near the top or cap
end of the cavity. This is the value (3.9 deg K) cited here, whica
was obtained at the lowest reported peak load (33 x1bf). Parenthe-
tically, one observes that if the temperature variation within the
HE is a great as measured, this fact would support tne assertion
that considerable differential flow and, possibly, grain fracture
occurs within tne HE.

3
o

*%

Recall that the grenade body is represented by a uniform cylindri-
cal sleeve. Wall thickness of the sleeve is the parameter in this
instance. The parametric variation studied (0.010 incn) is about
three times the body-to-body stancdard deviation for a particular
body producer.
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cycle L3 simulated. After initialization of Lhe grenade Lo a glven
HE density and corresponding punch pressure, the following steps arc
followed until the desired terminal state is achieved:

(a) The punch is advanced thru a small increment. This increases the
density of the HE. (One micrometer iLs the increment used here.)

(b) The max pressure on the punch and the pressure gradient in the HE
are calculated at the current average HE density. The incremental
worK performed by the punch, to advance incrementally at this
pressure, is added to cumulative punch work.

(c) The {one-dimenzionnal) hoop strain in the cylindrical sleeve, which
represents the grenade body, is calculated. Max strain is reached
at the inside radius. Elastic behavior of the metal is assumed.

(d) Since the hoop strain increases the HE cross-section, calculate
the additional displacement of the punch (at this pressure) re-
quired to preserve HE densicy at the value calculated previously
with no incremental body strain.

(e) At each movement of the punch, by delxp, add the punch work to
the cumulative punch work. The isobaric, incremental work is
just the total force times delxp, where the total force is the
product of the current values of HE cross-section and punch pres-
sure. Updates of punch work are required at steps {b) and (d).

{f) Since the RDX particles within the HE experience elastic volu-
metric compression, calculate the strain and the strain energy
in the RDX mass.

(g) To obtain ithe total available heut energy, subtract the sum of
hoop-strain energy plus RDX strain energy rius thermal loss to
vody from the punch work. <(All cumulative energy terms are
calculated in joules and reported in units of J and calories.)

(h) The total incremental punch displacement (since priour loop pass)
has consumed a time increment which is the ratio of the displace-
ment increment to the punch speed. This speed is obtained as a
function of current value of xp. Time is updated by addition of
the time increment.

(i) The time increment is also used to calculate the thermal flux to
the RDX particles. Flux is the incremental heal/total particle
surface/time increment. At the program user's option, the temp-
erature distribution as a function of RDX particie radius is
obtained by numerically solving the diffusion equation, using
the average thermal fiux as the outside boundary condition.

(j) The heat generated incrementally during this loop pass is used to
calculate the volume-average temperature rise of the HE, by divid-
ing by the heat capacity of the HE. HE temperature is updated by
this increment.

20
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2
{13 {k) The incremental heat loss from the HE to steel body is calculated
; § using cuwrrent average values of HE temperature and steel tempera-
',:} ture. Continuity of temperature and thermal flux at the HE-wall

o boundary are assumed. The incremental heat loss 1s used to update

Y
e the total heat lcss and the average steel temperature.
fﬁﬁ (1) Current values of the state variables are printed optionally at
;:4 . multiples of the number of loops. Regardless of option, saved

o values--such as punch displacement and available heat--are stored.
ey (m) If the required terminal state has not been reached, loop back
g to (a) for another pass. Otherwise, step and print final results.
ok Among the final results are: volumetric increase in the HE due
iﬁﬁ to elastic recovery and the associated decrease in HE density.
§I= (If a portion of the mass of RDX 2xperienced grain fracture, some
o of the RDX strain energzy would be thermalized, and the volumetric
teny recovery would be smaller than calculated.)
N
;gi 14. Model Equations

R

o e e
fi; The average density of the HE is, by definition, the ratio of HE mass,
Ty M, to volume, V. But, the volume of HE depends upon the cross section
Ak and length (or height.) of the HE ~olumn. Denoting cross sectional area
R by A, initial column length by xo, and punch displacement by xp, the
AN volume of the HE is given by
?%{ V = A(x0o - xp), 0 le xp le ¥pmax. (1)
;;; Denoting the average (bulk HE) density by E(rho),
g E(rho) = M/ (A(x0 - xp)) . (2)
Ly .

g;f Altho not explicitly written as a function of displacement, the

o area A should be considered a function of xp, since the max hoop

J N .
j1l? strain, eps, is a function of xp, and since
)

7 2
‘?éa A = Ao(1 + eps) , (3)

b -‘
A

v

where Ao is the unstrained, internal cross section of the body.

A formula for E(rho) is derived in Ref 2d in terms of the theoretical
maximum density of the HE, TMD, and of the punch pressure, p. This
formula is repeated here:

E(rho)/TMD = 1 + (0.8/¢)1n({p+0.8-c)/(p+0.8)), (4)

where ¢ is the difference between maximum and minimum pressure
within the volume of the HE. This result assumes a constant pressure
gradient within the volume. The basis of the derivation is a con-
stituative relationship between local HE density, rho, and local
pressure, p:

rho/TMD = p/(p + 0.8), (5)

where the constant 0.8 is given in kpsi.
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Based on several experimental studies, cited in Ref 2d, the parameter
¢, which is a measure of the pressure gradient, is found to pe direct-
ly proportional to the maximum pressure on the HE. Thus, parameter

c=g0, (6)

where g is a constant. From Ref 2e, the value of g which best fits
data on average bulk density is 0.6. This value is used here. (In

earlier experiments at KSAAP and MAAAP, a value of 0.8 for g was
indicated.)

15. Equation (%) for average density is not recdily inverted in
order to give punch pressure as a function of Ef{rho). This fact
poses no problem numerically, however, since the relationship of
these variables is monotonic. In a subroutine of COMPACT, punch
pressure is calculated as a function of E(rho) by an iterative
Newton-Raphson method. Given the punch pressure from (4), one can
calculate the maximum hoop (i.e., tangential) stress within the wall
of the eylindrical sleeve, representing the steel body, by Lame's
formula (Ref 2h). The hoop stress at radius r is s(r):

2 2 2 2
a b (p-po) pa -pobo
s(r) = -+ ’ (7"
2 2 2 2 2
(b -a)r b - a

where p is the pressure on the inside wall and po is the pressure

on the outside of the wall. The internal radius of the sleeve is a
and the outside radius b. The radius to an arbitrary point is r.

In the present application, the maximum internal pressure is identif-~
ied with the punch pressure, and the outside pressure is taken as
atmospheric pressure, i.e., the outside of the wall is assumed unsup-
ported. The maximum stress occurs at the immer wall, where r = a.
The max body stress is, then,

2 2 2 2 2
s(a) =(pa +b)~-2pob)(a +b). (8)

If the body remains elastic thruout, the maximum strain 1s simply
eps = s(a)/Ey , (9)

where Ey is Young's modulus for ateel.

As indicatead above, the cross section of the HE is related to

xp functionally thru equations (2), (3), (4), (8), and (9).

16. The total hoop strain energy in the body is obtained by
integrating the strain energy per unit volume,

2
s(r) /(2 By)

over the volume of the cylinder wall subject to strain. Let the
effective cylinder height experiencing this hoop strain be denoted
by h. Then, using equation (7), the hoop strain energy is given by:
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L HSE = (pi WEy)(T +T +°T), (10)
LN

A\\'f; 1 2 3

ol

'?i? where the indexed terms are functions of the dimensions a and b

{;*‘ and of the punch pressure p.

/J-l.'_"‘n-

o 2 2 2 22

ERo T =4( -a)ab),

SR 1

nh 2 2 2

— T =B (b -a )2,

P s 2

NN

it T =2 A B 1n(b/a) , (11a)

Y 3

wtey

& where the auxiliary factors A and B are given by

o

}t&% 22 2 2

ARSR A=1(ab(p~po))/(b - a)

fy >0

e 2 2 2 2

P B=(pa -pob)(t -a). (11b)
a5

.;3; Energy +s also stored in the RDX crystals as elastic strain. If

:¥%ﬁf a local hydrostatic condition is assumed for each RDX particle, an

expression for the total RDX strain energy can be derived by inte-
grating stain energy per unit volume over the total volume. Let the
bulk modulus of RDX be denoted by Bm. Also, let the pressure at a

o

’ .

QQQQ normzlized axial coordinate x be denoted by p(x). The assumption of
;j&; a constant pressure gradient in the HE means that
o

v
he}

o
oy
.

"5
>

px) =p (1 - gx), 0 le x le 1, (12)

>
!

- W

where, as above, p is the punch pressure and g is a constant.
The RDZ strain energy per unit volume, at x, is

2
p(x) /Bm/2.

By integrating this expression, with p(x) given in (12), over the
total volume of RDX, Vr, one obtains the RDX strain energy, RSE:

2 2
RSE = (Vrp/(2Bm))(1 - g+ g/3) . (13)

Work performed by the punch is, of course, the source of both elastic

and inelastic energy components. The punch work,; W, is the integral
over punch travel of

A p delta(xp) , (1)
where delta(xp) is the incremental displacement of the punch, given
the constant punch pressure p and HE cross section A. For 3-digit

accuracy the value of delta(xp) must be quite small--about 5 microns
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or less. At any instant, the total heat residing in the HE is the
work performed by the punch minus (elastic) potential energy, of
body and RDX, and minus heat energy lost to the body. The heat loss
is relatively small, but is included to be complete. Denoting the
available thermal energy in the HE by H and the heat lost oy L, an
energy balance requires that

H=W-HSE - RSE - L . (15)

The average temperature rise, avglh, of the HE, with heat capacity Ch
is, tuen,

avglh = H/Ch. (16)

Similarly, the average temperature rise of the steel bedy, avgls, is
obtained from L and the heat capacity of the body, Cs:

avgls = L/Cs . 17

17. A mathematically exact calculation of the heat loss from HE to
vody wall requires the solution of the diffusion equations in both
HE and steel wall. The diffusion equation in the HE involves a heat
source term, representing the rate of energy production per unit
mass. To describe this source term requires an assumption concerning
HE flow within the cavity, since viscous effects produce the heat.
But, details of the HE flow are not modeled here. To escape this
dilemma, I have simply assumed that the so'rce term is independent

of position (but, not of time). (Actually, this isotropic assumption
implies something concerning HE flow, but is not pursued.) Denoting
the rate of heat '-:leased per unit mass per unit time as Q, one can
write

Q = delta(H)/delta(t)/M , (18)

where delta(H) 1s the increment of heat added during th¢ time incre-
ment delta(t). Notationally, let U(r) be the temperature at radial
position r. When r is less than or equal to the inner radius, a,
the temperature pertains to the HE. For r between a and outside
radius, b, the temperature describes the steel wall. Further, let
a terminal "1" indicate a property of the HE, and a terminal "2"
indicate a property of the steel. Thus, alphal denotes the thermal
diffusivity of HE, C1 denotes the svecific heat of HE, and K1 denotes
the thermal conductivity of HE. (The particular HE is Comp A-5.)
Partial differentiation by r and by t are denoted, respectively, by
subscripts r and t. With these conventions, the temperature in the
HE is given by

U = (alphal/r)(r U ) + QC1, 0< r< a. (19)
t rr

The diffusion equation for the cylindrical wall is:

U = (alpha2/r)(r 0 ) , a< r< b. (20)
t rr
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Boundary conditions are needed at radial positions: 0, a, and b.
At r = 0, cylindrical symmetry requires that no heat is transported
across the center. Thus,

(U(0)) = 0. (21a)
r

At r = a, temperature is the same on each side of the boundry; and,
the thermal flux out of the HE must equal flux into the steel wall.

U(a-) = U(a+)
and

K1 (U(a-)) = K2 (U(a+)) , (21b)
r r

where a- and at+ means r approaching a from below and from above, resp.
Finally, the boundary at r = b can be treated as thermally insulated,
since still air outside the cylinder is a good insulator.

(U(b)) = 0. (21e)
r

The rate of heat loss from HE is obtained from the following equation:

delta(L)/delta(t) = -K1 Awall (U(a-)) , (22)
r

where Awall is the area of HE contacting the wall.

The cumulative heat loss, L, is obtained by numerical integration of
the time derivative in (22). A numerical solution of (19) thru (22)
is obtained by a integrating a set of total differential equations for
U(i), defired on a radial grid r(i), i=1,2,... . These equations are
derived from (19,20,21) by a conventional forward-difference gscheme.
The implementing computer code is located on page A-T7 of Annex A.

18. An Approximation for Heat Loss

Becaugse the importance to this simulation of the heat loss from the

HE is relatively small, the approach taken in paragraph 17 may entail
too much computation. An approximation is given here which, tho not

as accurate, may suffice. The approximate rate of loss makes use of
the great difference in the thermal diffusivities of HE and steel.
Because RDX has a very low diffusivity, heat loss is not felt very far
inte the HE from the cylinder wall. Therefoire, a very steep temper-
ature gradient exists in the HE near the wall. However, since heat
diffuses rapidly in steel, a rather zhallow radial temperature gradient
gradient exists in the wall. Thus as a first approximation, the grad-
ient in the steel is taken as zero, which implies that the temperature
at the wall is nearly avgls. Additionally, assume that the temperature
in the HE drops linearly from avglUh to the value at the wall over a
radial interval DELR. The negative gradient in the HE near the wall is
approximated by

(avgUh - avgUs)/DELR . (23)
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The approximate rate of heat loss from the HE is, from (22), the pro-
duct of the factors Awall, K1, and the negative gradient in (23). The
increment DELR is effectively the distance traveled internally from
the wall at which the temperature rises linearly to avgUh. A natural
length for measuring tempersture change is the diffusion length, the
distance a temperature spike will propagate by diffusion in time t.
The diffusion length in the HE is

sqrt(alphal t) . (24)

Empirically, a good approximation for the temperature gradient at
the wall, during the compression phase of loading, is obtained when
DELR is U4 times the diffusion length.

19. Temperature in an RDX Particle

Among the physical processes occurring during loading, thermal
diffusion in RDX particles appears to be of minor importance. If the
heating rate of the surface of a typical RDX particle were sufficiently
great, thermally (as well as mechanically) induced stresses might play
a role in grain fracture. Actually, now this does not appear to be the
case; but, this ide